.``In 2000, 24.8 percent of the world population lived in urban settlements with fewer than 500,000 inhabitants, and by 2015, that proportion will likely rise to 27.1 percent.'' The US Climate Change Science Program (CCSP, 2003) identified land-use/land-cover change as a key human-induced modifier of global systems with a high degree of uncertainty in terms of impacts on climate change. There is increasing evidence that urban land cover can have a significant feedback on the climate system (Shepherd and Jin, 2004) . The literature shows credible evidence that urban land cover is linked to surface temperature increases (Kalnay and Cai, 2003) , cloud enhancement (Inoue and Kimura, 2004) , and precipitation anomalies (Collier, 2005; Hand and Shepherd, 2009; Kaufmann et al, 2007; Shepherd, 2005) .
The fourth assessment report of the Intergovernmental Panel on Climate change (Trenberth et al, 2007) highlighted the role that both urban land cover and pollution play in precipitation processes. Possible mechanisms for urbanization to impact precipitation or convective clouds include one or a combination of the following: (1) enhanced convergence owing to increased surface roughness in the urban environment (eg Bornstein and Lin, 2000; Changnon et al, 1981; Rozoff et al, 2003; Shem and Shepherd, 2009; Thielen et al, 2000) ; (2) destabilization due to urban heat island (UHI) thermal perturbation of the boundary layer and resulting downstream translation of the UHI circulation or UHI-generated convective clouds (eg Baik et al, 2007; Han and Baik, 2008; Hand and Shepherd, 2009; Mote et al, 2007; Shepherd, 2006; Shepherd and Burian, 2003; Shepherd et al, 2002) ; (3) enhanced aerosols in the urban environment for cloud condensation nuclei sources (eg Molders and Olson, 2004) ; or (4) bifurcation or diversion of precipitating systems by the urban canopy or related processes (eg Bornstein and Lin, 2000; Loose and Bornstein, 1977) .
We were motivated to ask the questions: How will a future urban land-cover scenario affect convective precipitation processes, and what are the implications for future microclimates around cities? There is one study that attempted to assess the impact of urban growth on surface temperature, moisture, and runoff (Arthur-Hartranft et al, 2003) using statistical regression-based techniques. But, to our knowledge, projected urban growth model scenarios have rarely been integrated into emerging regional weather or climate modeling systems coupled to robust land surface systems such as presented herein. Additionally, it is difficult to find assessments of future urban growth on cloud and precipitation processes in the literature. The objectives of the study were to:
. Conduct theoretical simulations using a regional weather^climate model to investigate whether urban land cover affected spatiotemporal rainfall distribution on 25 July 2001 in coastal Houston^Galveston Bay and, if so, which physical mechanisms [eg sea breeze (SB) or urban circulations] might have been significant. . Project future urban land cover for Houston in the year 2025 using an urban growth model, UrbanSim. . Integrate UrbanSim output into the regional weather^climate model with the 25 July 2001 meteorological conditions to assess how precipitation responds to 2025 urban land cover. In section 2 the meteorological conditions for the July case study are described. Section 3 summarizes the configuration of the atmosphere^land surface modeling system and grid configuration. Section 4 describes the urban growth model applied in the study. Section 5 discusses the research methodology. Section 6 presents results and salient discussion.
2 Meteorological conditions for 25 July 2001, the case of Houston Houston sits on the 5000 km 2 Gulf Coastal Plain at an elevation of 27 m above sea level. The entire eastern third of the state of Texas including the Houston area (upwind and downwind) is considered a subtropical humid climate. Southeast Texas receives, on average, more than 140 cm of rain annually (Lyons, 1990) . Since Houston is located near Galveston Bay and the Gulf of Mexico, circulations, particularly during the warm season months, significantly influence its weather. An analysis of annual surface wind direction by the National Weather Service spanning the years 1984^92 indicates that the prevailing surface flow is from the southeast, which indicates the dominance of the SB circulation. Banta et al (2005) described the typical evolution and structure of the Houston area sea-bay breeze (SBB).
SBB circulations (Pielke and Segal, 1986 ) and coastline irregularities (Baker et al, 2001 ) are well-known forcing agents for convection. Convergence associated with these phenomena or interactions between them can provide lift to initiate convective clouds. Houston's proximity to the Gulf of Mexico and Galveston Bay is a primary reason that a large portion of summer convective activity is linked to mesoscale (ie 10^100 km) processes. McPherson (1970) showed that a preferred location for convective initiation and enhancement is in the Galveston Bay area east of Houston. His results employed a numerical study of the effect of complex coastline on SB circulation. However, this study did not account for urban land-cover effects. Burian and Shepherd (2005) , Shepherd and Burian (2003) , and Orville et al (2001) presented evidence that interactions between urban and SBB circulations may contribute to observed rainfall and lightning anomalies around Houston. The magnitude (eg mean urban temperature À mean rural temperature) of the Houston UHI, like that of previously studied cities, is typically proportional to the city size (Oke, 1981) and most apparent after sunset (Oke, 1987) . However, the UHI circulation is more clearly observed during the daytime than the nighttime because of differences in pressure and vertical mixing during daytime hours (Fujibe and Asai, 1980; Shreffler, 1978) . Baik et al (2007) described how the urban-induced circulation could cause convective clouds during the early evening, even though the UHI is maximized at night. They theorized that a nearly neutral or unstable daytime boundary layer enables a strong urban circulation even with a small UHI.
The interaction of the SB and the UHI circulation has been successfully modeled (Kitada et al, 1998; Kusaka et al, 2000; Lo et al, 2007; Ohashi and Kida, 2002; Yoshikado, 1994) . Yoshikado (1994) found that the daytime UHI persists under the influence of the SB in the absence of large-scale flow. Also, the SB front was found to remain over the city as a result of the UHI effects. Yoshikado (1994) noted that heavily urbanized regions exceeding 10 km in width clearly interact with mesoscale circulations. His simulations showed maximum vertical velocity (ie upward motion) in the convergence zone of the SB and UHI circulation growing over the inland side of Tokyo, Japan around 12:00 LST (local sidereal time). Lo et al (2007) demonstrated that Hong Kong contributed to an increased temperature difference and enhancement of the mesoscale SB circulation.
On 25 July 2001 weak convective clouds initiated in the early afternoon as the SB circulation propagated inland. At 12:00 UTC (1) the Houston area was experiencing a typical southeasterly surface wind and clear conditions. An area of high pressure was situated east of Florida and its broad clockwise flow pattern was the primary contributor to the prevailing surface level flow in the Gulf of Mexico. A weak area of low pressure was located over the Great Lakes.
(1) Unless specified otherwise, all quoted times are given in UTC (coordinated universal time).
The Lake Charles, Louisiana site, the most representative upper-air weather balloon measurement (not shown), confirmed a weak southeasterly flow in the lower troposphere and easterly flow in the upper troposphere. Easterly flow in tropical and subtropical regions is not uncommon, particularly during the northern hemisphere summer season. The sounding also indicated that the lower troposphere was relatively moist from the surface to lower-middle atmosphere. A moistened lower troposphere (along with a source of lift and instability) is a necessary condition for the development of convective rainfall. Convective available potential energy (CAPE) is often used to indicate the likelihood of convective rainfall. On this day CAPE was 1978 Jakg and the atmosphere was marginally unstable, on the basis of other commonly used meteorological indices such as lifted index (À2X24), K-index (32.6), and total totals (38.7). These values indicated that convective precipitation was favorable.
National Weather Service WSR-88D weather radar (KHGX) data (figure 1) at 20:37 indicate that moderate rainfall developed over the Houston region on 25 July 2001. Convective rainfall along the SB front generally started in the early afternoon hours around 17:00. By 19:37 a fairly well-defined SB convective cloud line is evident in the radar reflectivity. There is scattered convective rainfall along the SB front, including an intense area west-northwest of Houston. (Grell et al, 1994) . MM5 is a limited-area, nonhydrostatic, terrain-following sigma-coordinate model developed to simulate mesoscale atmospheric circulation. It contains sophisticated microphysics, radiation, and turbulence capabilities and is compatible with several land surface models (see table 1 for parameters used herein). A newer generation model (WRF) has recently been implemented by the lead author's research group for future studies but the MM5 is adequate for the scope of work presented here.
The NOAH land surface model (Sridhar et al, 2003) is the land surface model (LSM) used in this study. It is a unified model between the National Center for Atmospheric Research, National Oceanic and Atmospheric Administration's (NOAA's) National Center for Environmental Prediction (NCEP), and the Air Force Weather Agency (AFWA). The NOAH LSM originally used in MM5 had an overly simplified urban representation, which merely increased the roughness length and reduced surface albedo for urban land use. Release 3-7 of MM5 includes a more robust urban parameterization introduced by Liu and colleagues (2004) . Modifications include: (1) increasing the roughness length from 0.5 m to 0.8 m to represent turbulence generated by roughness elements and drag due to buildings; (2) reducing surface albedo from 0.18 to 0.15 to represent the shortwave radiation trapping in the urban canyons; (3) using a larger volumetric heat capacity of 3X0 J m À3 K À1 for the urban surface (walls, roofs, and roads), which usually consists of concrete or asphalt materials; (4) increasing the value of soil thermal conductivity to 3X24 W m À1 K À1 to parameterize large heat storage in the urban surface and underlying surfaces, and (5) reducing the green vegetation fraction over urban areas to decrease evaporation. We did not represent anthropogenic heating in the simulations; however, this is likely a minor source of error for this analysis. Arakawa ± Lamb B-staggering; three fixed, nested grids; nest initialization with higher resolution topography and initial analysis
Grid configuration
Three fixed, nested grids were used in this study (figure 2). The inner two grids were two-way interactive. The fine grid (grid 3) explicitly resolved deep moist convection. Grid 3 had a grid spacing of 1.5 km, 151 Â 151 horizontal grid points, and a time step of 3.33 s. The coarser grids simulate the general synoptic and mesoscale setting. Grid 2 had a 4.5 km grid spacing with 100 Â 100 horizontal grid points and a time step of 10 s. Grid 1 had a 13.5 km grid spacing with 68 Â 68 horizontal grid points and a time step of 30 s. The three grids were centered over Houston, Texas. There were 23 vertical sigma layers. The total depth of the model atmosphere was 14.6 km.
Each nest was initialized with its own separate input data, rather than interpolating coarser data from the parent domain. All nests were started at the same time, so the initialization datasets were not in danger of conflicting with an evolving simulation. MM5 atmospheric fields, sea surface temperatures, and soil data were initialized with gridded analyses from the NCEP Eta model for 25 July 2001 (12:00) to 27 July 2001 (12:00).
Description of the urban growth model
Urban simulation modeling is a rapidly emerging tool employed by social scientists and planners to project how cities will grow on the basis of a set of governing factors and dynamics. Teerarojanarat et al (2004) capture some of the more resent growth modeling techniques, such as the SLEUTH model (Clarke and Gaydos, 1998) and other general cellular automata approaches (Herold et al, 2003) . With emerging knowledge concerning the impact of urban land cover on weather^climate processes, it is quite surprising that urban growth modeling has not been more fully integrated with weather^climate modeling. A novel aspect of this study is the coupling of urban simulation modeling results with a full three-dimensional weather^climate^land surface modeling system. This study was in collaboration with the Houston^Galveston Area Council (H-GAC, http://www.h-gac.com), which projected Houston's urban land-cover growth to the year 2025 using the UrbanSim model (Waddell, 2002) . UrbanSim is a modeling framework Current and future coastal precipitationthat predicts dynamic urban growth at land parcel or household level. The reader is referred to Teerarojanarat et al (2004) for the historical origin of UrbanSim and how it may be acquired. An important feature of UrbanSim is that it accounts for key actors in the urban development processes: (1) household and business actors öreflecting consumer preferences for place or location; and (2) developer actorsöreflecting where and which type of construction is built. Government, political and environmental constraints are inputs designed to restrict development activity. Urban development is treated as an interaction between market behavior and governmental projections. This feature makes it very useful for assessing the impacts of alternative governmental plans and policies related to land use. UrbanSim differs from economic and spatial-interaction models that rely on cross-sectional equilibrium solutions using large geographic districts. It is conceptually similar to the CUF-2 model (Landis and Zhang, 1998a; 1998b) because its approach is disaggregate and is based on predicting over smaller time steps. However, it deviates from the CUF-2 model by explicitly representing the demand for real estate at each location, and the actors and choice processes that influence patterns of urban development. Figure 3 shows the processing flow for the UrbanSim model (Teerarojanarat et al, 2004) .
Methodology
The approach was to simulate the 25^26 July 2001 case day. We conducted three experiments: URBAN, NOURBAN, and URBAN2025. The URBAN simulation was based on the standard United States Geological Survey (USGS) land use and represents Houston's urban extent in the mid-1990s (see figure 4 for the dominant land categories around Houston). Changes in surface type are translated to the model through surface roughness, vegetation, albedo, soil moisture, and thermal properties. For example, urban roughness lengths are significantly larger than those for dryland^croplandp asture owing to buildings. Urban land cover also has less vegetation, smaller albedo, and larger heat storage (eg soil conductivity). For the scope of this experiment, gross changes to these values through land type are appropriate, but future work should employ emerging urban canopy parameterizations and anthropogenic heating where possible. The NOURBAN simulation replaced the urban category with the drylandĉ ropland^pasture category. For the URBAN2025 experiment the H-GAC planners used the UrbanSim model to project urban land-cover growth in the Houston metropolitan area to the year 2025. UrbanSim results produced twenty-five categories of development at 1000 ft resolution. The H-GAC data were converted from the initial resolution of 1000 ft Â 1000 ft to the 1.5 km resolution of the innermost MM5 domain. The result was a vector of twenty-five values for each MM5 grid box, representing the percentage of each development type present. The twenty-five categories of development included various densities of residential, commercial, industrial, and institutional land uses, along with vacant land, and`other' (airports, water, etc). For each grid box in which the total percentage of H-GAC categories 1 to 23 was 50% or greater, the grid box was designated`urban' for use in the projection experiments. All other grid boxes were assigned values from the standard USGS land use for that region. Once the land use for the innermost MM5 domain was modified in this way, the parent domains were similarly changed. We employ a hypothetical treatment for urban growth so our constraints for urban use are not too conservative.
There are several limiting assumptions that must be noted when considering the results. First, the 2025 simulations do not assume that atmospheric and sea-surface temperatures reflect any changes owing to global warming. Second, the case day is assumed to be representative of a`typical' SB convective day. Third, the study is only intended to present a theoretical response of convective precipitation evolution to hypothetical land-cover changes assuming a control scenario, as recommended by Lowry (1998) . Long duration simulations and multiple sensitivity studies will be required to make more conclusive statements. Fourth, we do not employ emerging urban canopy parameterizations for this theoretical work. Even with these limitations, our results are instructive and point to new future directions for research.
Results

URBAN and NOURBAN simulations
Evaluating the simulated radar reflectivity fields for URBAN at 20:40, some expected features are apparent. First, it is evident (figure 5) that our model simulations (URBAN and NOURBAN) are capturing the convective rain cells (as indicated by simulated radar reflectivity at 19:40 and 20:40) associated with the SBB. These rain cells are apparent to the southwest and east of Houston and are associated with the advancing SB front. Figure 6 (b) shows model-derived surface air temperature and near surface wind flow at 16:40. The temperature and wind gradients indicate that an SB front is present. A well-defined UHI is also evident. The blue line indicates the approximate location of the SB front. Figure 6 (a) is a mesoanalysis of the actual temperature and wind field in southeast Texas at 16:40. Analysis of other time periods (not shown) confirms that the model is quite accurately capturing the salient features of the SB front evolution at the 1^2 8C UHI over Houston.
We focus herein on the convective rain cell that forms on the west-northwest boundary of Houston's urban outline in figure 5 . The model simulation qualitatively captures the rain cells in this location although they are a few kilometers to the north of the radar cells (figure 1) at the same time. It is very rare that a model simulates thè exact' spatiotemporal evolution of precipitating events so it is quite common to evaluate, qualitatively, the realism of the simulations. The simulations herein are quite successful reproductions. It is apparent that the NOURBAN simulation (figure 5) did not resolve this complex of rain cells on the western fringe of Houston at the same level of intensity or coverage, but the National Weather Service radar map (figure 1) at the same time clearly indicates that convection did form near this location. URBAN captures this rainfall although it tends to resolve it a few kilometers north of the actual radar-indicated cells west of the city. The primary forcing mechanism for cloud development along the coastline is the SBB front; however, the convective cells on the western fringe of the urban environment may be related to the urban rainfall effect or URE. The URE is defined as rainfall hypothesized to be caused completely or partially by some urban factor (eg UHI, urban roughness). It is equally interesting to note the modification in rainfall response near smaller urban regions closer to the coast. Though not the focus herein, the rainfall variability caused by simply removing urban land cover clearly establishes that spatiotemporal rainfall evolution (at least in the model) is quite sensitive to urban land cover.
A possible URE is also apparent in the evaluation of the difference (URBANÀ NOURBAN) in total accumulated rainfall from 17:40 to 23:40 (figure 7). It can be noticed that SB and outflow forcing ultimately produced rainfall in this area, but the early initiation and possible enhancement by the urban forcing likely led to greater cumulative rainfall. The storm-total rainfall, derived from radar at 23:57 (figure 7), indicated that the rain cell on the west-central Houston fringe produced cumulative rainfall amounts on the order to 1 to 4 inches (25.4 mm to over 101.6 mm). We note that radar-estimated rainfall is vital for providing the spatial coverage for this type of study, since rain gauges are sparsely distributed in major urban areas.
However, Brandes et al (1999) remind us that radar-estimated rainfall is susceptible to bias related to improper Z^R relationships, beam filling, and lack of understanding of in-cloud microphysics. Ulbrich and Lee (1999) noted that such biases typically lead to overestimation in convective rainfall by about 33%. Assuming such overestimation, the radar storm total rainfall may be closer to the range of 16.7 mm^67 mm. As such, the magnitude of accumulated rainfall for URBAN is consistent with the observations. The maximum accumulated rainfall in NOURBAN is less than the URBAN and radar-accumulated amounts. It is also interesting to note the large differences in rainfall near small urban areas along the coast. Shem and Shepherd (2009) describe the difficulty conducting point-to-point analysis of model and observed rainfall because of its sporadic nature (unlike more homogeneous temperature or humidity fields), so we rely on a more qualitative verification here. The results from URBAN À NOURBAN cumulative rainfall analysis further suggest that the urban environment can impact spatiotemporal rainfall variability and that our model simulations are capturing the main features of storm evolution accurately. To investigate why the rain fields evolve differently, we looked more closely at the thermal and dynamic environment.
Surface fluxes
The replacement of natural land surfaces and vegetation with urban surfaces with different thermal properties (eg heat capacity and thermal inertia) can significantly alter the energy balance in and around a city. Thielen et al (2000) argued that urban land cover enhances sensible heat flux. The sensible heat flux transfers energy and momentum from the surface to the lower convective boundary layer. Figure 8 ( Huff and Vogel (1978) found that enhanced sensible heat flux in urban areas contributed to a more vigorous UHI circulation. Thielen et al (2000) also noted enhanced surface fluxes in Paris.
More recently Rotach et al (2005) reported differences in urban and rural sensible heat flux range from 100^300 Wam 2 in the midafternoon. Inoue and Kimura (2007) simulated fair-weather cumulus clouds on a calm summer day and noted that differences in sensible heat flux (150^250 Wam 2 ) might explain cumulus cloud variability around Tokyo and surrounding rural areas. Shem and Shepherd (2009) simulation of the St Louis heat island, also found reduced latent heat fluxes over urban surfaces. This is expected since the URBAN run has less vegetation and associated evapotranspiration. 
Convergence
The surface divergence field at 16:40 (prior to convection) in figure 9 reveals an interesting feature. The shaded areas represent low-level convergence (negative divergence) and they are clearly associated with the SB front along the coast and Galveston Bay. Interestingly, low-level convergence is also present around the inner perimeter of Houston, particularly the northwest fringe. This convergent feature is not present in the NOURBAN run as indicated by the difference in divergence at 16:40 (URBAN À NOURBAN). This signature is likely a function of the UHI-induced circulation, because the urban convergence zone is on the boundary of the urban land cover not the center. Over time the focused region of convergence continues to intensify on the west-northwest urban fringe in URBAN. Studies in the historical (eg Changnon et al, 1981; Hjemfelt, 1982) and recent literature (Hand and Shepherd, 2009; Mote et al, 2007; Shepherd et al, 2002; Stallins et al, 2006) have indicated that urban convective anomalies may be more common downwind or leeward of the urban central district. Increased precipitation was typically observed within and 50 km^75 km downwind of the city, reflecting increases of 5%^25% over background values (Shepherd, 2005) . Kitada et al (1998) found that, under a high-pressure system with light winds and sunny skies in the summer season, extensive urbanization in coastal areas such as the Kanto Plain and the Nohbi Plain resulted in the shift of the highest temperature zone from the city center to the inland suburbs. They further noted that the formation of the inland high-temperature zone, owing to coastal urbanization in the SB situation, formed a weak wind convergence zone at the downwind side of the urban area, as a result of pressure gradients adverse to the SB/valley wind in their study.
Our findings are very similar to those of Kitada et al (1998) . A UHI-related local maximum in potential temperature (a measure of temperature which is less contaminated by rain-cooled outflow than air temperature) is observed over Houston. By 18:40 the centroid of maximum potential temperature has translated to the west-northwest fringe of the city (figure 10). Figure 11 is the perturbation pressure field at 18:40, and it is apparent that a relative low-pressure anomaly developed in response to the UHI. Because of the orientation of the pressure gradients relative to the advancing SB front, an enhanced convergence region would be expected on the west-northwest flank of the city. It should be emphasized that this preferred region would be strongly dependent on the low-level wind direction for a given day, but is likely most prevalent from an arc west to northeast of Houston owing to SB orientations.
Boundary layer
We examined the boundary layer structure in an east^west cross section along latitude line 29X88. Boundary layer processes couple the urban land surface forcing to the atmospheric convective process. We wanted to investigate whether enhanced vertical velocity was connected with the west-northwest Houston convergence zone as we hypothesized. At 15:40 (not shown) the structure of the boundary layer was similar over the urban and nonurban surfaces. By 16:40 the atmosphere over the city was starting to develop characteristics of an urban boundary layer (figure 12). It should be noted that in this cross section the urban land cover is located at approximately 75 km1 12 km along the x-axis in the x^z-axis cross section of figure 12. The top of the boundary layer can be defined as the level of stable static stability and can be inferred by the horizontal stacking of equivalent potential temperature lines in the figure. The boundary layer over Houston in URBAN is approximately 50 m^100 m higher than the surrounding region. Urban boundary layer doming has been observed by Spangler and Dirks (1974) , Hjelmfelt (1982) , and Rozoff et al (2003) , Also evident in the plot of URBAN À NOURBAN vertical velocity difference is the presence of a positive vertical velocity perturbation on the western edge of the city. At 18:40 positive vertical cells continued to develop and were located at the west-northwest edge of urban Houston, consistent with the previously identified convergence zone. It is important to note that the significant positive vertical velocities, which indicate convective activity, are not found directly over the city but at the fringe of the city where the enhanced convergence is noted. Overall our findings are consistent with Yoshikado's (1992) observation that the UHI^SB front interaction resulted in amplified convective forcing. This dynamic source of enhanced lifting is able to release the convective energy and convert moisture-laden air to precipitating clouds. Subsequent precipitation from the array of SB and urban-induced rainfall clouds may interact to produce additional rain clouds that are not directly linked to the initial forcing. Shepherd et al (2001) and other literature have shown that interacting outflow boundaries and existing SB zones can serve as regions of preferred new cloud development. It is likely that secondary precipitation induced by initial urban-SB convection is an important contributor to urban rainfall budgets, yet future study will be needed to quantify contributions.
2025 simulations
URBAN2025 (eg projected 2025 urban land-use scenario) was used to determine how precipitation would evolve under the meteorological conditions of 25^26 July 2001. We anticipated that the more extensive urban land cover would lead to an expansion of the urban convergence zone further into the west-northwest outer suburbs of Houston in response to the aforementioned physical urban^SB front interactions. Figure 13 is the divergence field in URBAN2025 at 18:40 and 20:40, respectively. At 18:40 convective precipitation (eg the strong divergence signature from rain-induced outflow) is occurring at the southern edge of the urban area, while no convection is occurring in the west-northwest. This storm is probably due to the more extensive land cover and its related circulation interacting with the SB at this location. By 20:40 the divergence field indicates that precipitation is evident in the west-northwest urban boundary and that outflow boundaries (eg areas of arc-shaped convergence) are propagating in all directions. It is this`secondary outflow effect' or SOE that we hypothesize to play a large role in precipitation processes as urban land cover expands in the future. Convection will generally develop in response to SB^urban interactions, assuming conditions are favorable. However, it is likely that the SOE effect will lead to more widespread precipitation through secondary and tertiary (and so on) interactions with other outflow boundaries, other sections of the SB front, or other fringe areas of the urban land cover (Shepherd et al, 2001) . Figure 14 indicates that accumulated precipitation from 17:40^23:40 may be more extensive in URBAN2025 than URBAN owing to the chain-reaction SOE and urban effects. Results suggest that the 2025 Houston urban area would be much wetter given the same atmospheric conditions as 25 July 2001. A possible implication is that summer convective processes might be more vigorous in response to the future urban land-use scenario. The sustained thermodynamic and convergence sources associated with SBû rban interactions and secondary outflow boundaries enable sustained and vigorous convection. These results are highly theoretical at this point but suggest that future urban land cover could alter precipitation patterns.
7 Concluding statements and future work The 25 July 2001 case day was used to examine the factors that led to urban-induced convection and to assess how such convection responded to a hypothetical future urban land-use scenario. The results corroborated and validated recent observations that convective processes are enhanced over Houston. Our results also confirmed the response of the boundary layer to urban surface processes and illustrated how surface fluxes and convergence can translate energy to urban boundary layer convective cells. Two urban-induced features (convergence zones along the fringe of the city and a relative low pressure) were critical factors that led to enhanced convection independently or in conjunction with the SB. Further, we found supporting evidence that secondary outflow interactions with urban and nonurban convergence zones also contribute to more vigorous and widespread precipitation. As such, future urban land-cover growth could lead to temporal and spatial precipitation variability in coastal urban microclimates. More work is needed to determine what the tipping point is for an urban area to affect convective processes differently and to isolate further which urban factors (temperature, roughness, or others) contribute and in what relative amounts.
It should be noted that this study has several weaknesses that must be addressed in the future. First, the projected urban land use in 2025 should reflect a more realistic heterogeneity of urban land classes and morphology. The use of urban canopy parameters from LiDar and related urban canopy modeling are becoming more accessible (Kusaka and Kimura, 2004) . Ongoing work, to be reported in the future, is leveraging available urban canopy data (not available at the time of this study) to extend the analysis with more detailed sensitivity analyses involving canopy and anthropogenic heating. Second, aerosol populations and pollution need to be considered. It is becoming more apparent that urban-induced dynamic processes and aerosol populations (eg through cloud condensation nuclei) contribute to precipitation variability around cities (Shepherd, 2005) . Third, a broader array of case days should be considered.
Finally, future projection scenarios should attempt to reflect future trends in both air temperature and sea surface temperature (eg warming or cooling) to understand how the dynamic urban environment interacts with the background environment.
As concern grows about the impact of human processes on climate change, water cycle accelerations, and precipitation variability, it is important to place urban processes into the context of regional and global climate system processes. Finally, urban rainfall processes have profound implications for surface runoff, water resource management, agriculture, weather forecasting, and urban planning.
